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ABSTRACT

Candida albicans is the most common human fungal pathogen causing diseases ranging from mucosal to systemic
infections. As a commensal, C. albicans asymptomatically colonizes mucosal surfaces; however, any disruption in the host
environment or under conditions of immune dysfunction, C. albicans can proliferate and invade virtually any site in the
host. The ability of this highly adaptable fungal species to transition from commensal to pathogen is due to a repertoire of
virulence factors. Specifically, the ability to switch morphology and form biofilms are properties central to C. albicans
pathogenesis. In fact, the majority of C. albicans infections are associated with biofilm formation on host or abiotic surfaces
such as indwelling medical devices, which carry high morbidity and mortality. Significantly, biofilms formed by C. albicans
are inherently tolerant to antimicrobial therapy and therefore, the susceptibility of Candida biofilms to the current
therapeutic agents remains low. The aim of this review is to provide an overview of C. albicans highlighting some of the
diverse biofilm-associated diseases caused by this opportunistic pathogen and the animal models available to study them.
Further, the classes of antifungal agents used to combat these resilient infections are discussed along with mechanisms of
drug resistance.
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INTODUCTION

Candida albicans is the most common fungal human pathogen
causing diseases ranging from superficial mucosal to life-
threatening systemic infections (Pfaller and Diekema 2007;
Ganguly and Mitchell 2011; Calderone 2012). This opportunis-
tic pathogen is part of the commensal human micoflora that
asymptomatically colonizes many areas of the human body
where its proliferation is controlled by the host immune system
(Williams et al. 2013). However, under conditions of immune sup-
pression or any disruption to the host environment, C. albicans
can rapidly transition into a pathogen, causing a variety of in-
fections (Finkel and Mitchell 2011; Mathe and Van Dijck 2013).

In fact, C. albicans is one of the most often identified agents in
nosocomial infections capable of invading virtually any site of
the human host from deep tissues and organs to superficial sites
(Perlroth, Choi and Spellberg 2007). More significantly, C. albicans
is adept at adhering to catheters and various indwellingmedical
implants, and is currently ranked by the Center for Disease Con-
trol as the third most commonly isolated bloodstream pathogen
in hospitalized patients with a mortality rate of up to 50% (Wis-
plinghoff et al. 2004; Tournu and Van Dijck 2012; Mathe and Van
Dijck 2013).

As a dimorphic fungus, the ability of C. albicans to transition
from commensal to pathogen is primarily the result of its apti-
tude tomorphologically switch between yeast andhyphal forms,
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Figure 1. Candida albicans morphogenesis and biofilm development. (A) Transmission electron micrograph of a germinating yeast cell. Germ tube can be seen as a
filament, which continues to elongate forming a hypha. (B) A schematic illustrating the stages of C. albicans biofilm development. Adherence: yeast cells adhere to a

substrate forming a yeast basal layer. Initiation: cells propagate and form germ tubes. Maturation: hyphae are formed and extracellular matrix accumulates. Dispersal:
cells are released from the biofilm and are dispersed to seed new locations. (C) Confocal scanning laser microscopy of in vitro grown C. albicans biofilm; 48 h biofilm
stained with FUN1 (blue) vital fungal stain and the biofilm polysaccharide matrix stain Concanavalin A (ConA) (red). Images were obtained using a Zeiss 710 confocal

microscope by LSM 5 Image Browser software at a resolution of 512 × 512 pixels, with an average of 8 images per line. A series of images at ≤1 μm intervals in the
z-axis were acquired for the full depth of the biofilm.

a property that is central to its pathogenesis and ability to form
biofilms (Jabra-Rizk, Falkler and Meiller 2004; Ramage et al. 2005;
Calderone 2012; Chauvel et al. 2012) (Fig. 1A). In fact, the ma-
jority of diseases caused by this pathogen are associated with
biofilm formation on host or abiotic surfaces (Nett and Andes
2006;Mathe andVanDijck 2013). Biofilms are structured 3D com-
munities of surface-associatedmicrobial populations embedded
in amatrix of extracellular polysaccharides, proposed to provide
a structural scaffold and protection for biofilm cells (O’Toole,
Kaplan and Kolter 2000; Lewis 2001; Costerton, Montanaro and
Arciola 2005; Ghannoum et al. 2015). Therefore, in a biofilm, mi-
crobes are afforded a stable environment and can tolerate ex-
tremely high concentrations of antimicrobials. The impact of
these biofilms on public health is dramatic as cells released from
biofilms can migrate into the bloodstream and cause systemic
infections with high mortality (Finkel and Mitchell 2011). Im-
portantly, the increase in drug resistance has provided a strong
impetus to understand the mechanisms of the enhanced tol-
erance of biofilm-associated infections to antimicrobial ther-
apy (Tournu and Van Dijck 2012). In this review, we provide an
overview of the fungal pathogen C. albicans highlighting some
of the diverse biofilm-associated diseases caused by this diverse
species and the animal models available to study them. Further,
the antifungal classes used to combat these infections are dis-
cussed, along with mechanisms of drug resistance.

Candida albicans biofilm formation and development

Themajority of C. albicans infections are associated with its abil-
ity to form biofilms (Jabra-Rizk, Falkler and Meiller 2004; Nett

and Andes 2006; Finkel and Mitchell 2011; Tournu and Van Di-
jck 2012; Mathe and Van Dijck 2013) (Fig. 1). In vitro experiments
have shown biofilm development to occur in a series of sequen-
tial steps over a period of 24–48 h (Ricicova et al. 2010; Mathe and
Van Dijck 2013) (Fig. 1B). The initial step consists of the adhesion
of single fungal yeast cells to the substrate forming a foundation
of a basal yeast cell layer (adherence step) (Nett and Andes 2006;
Finkel and Mitchell 2011; Nobile et al. 2012; Tournu and Van Di-
jck 2012). This is followed by a phase of cell proliferation across
the surface and filamentation where cells form elongated pro-
jections that continue to grow into the filamentous hyphal forms
(initiation step). The production of hyphae is a hallmark of the
initiation of biofilm formation followed by the accumulation of
an extracellular polysaccharide matrix as the biofilm matures
(maturation step) (Fig. 1C). Finally, in the last step, non-adherent
yeast cells are released from the biofilm into the surroundings
where they can colonize other surfaces (dispersal step). Disper-
sion of biofilm-associated cells carries great clinical significance
as released cells can initiate formation of new biofilms or dis-
seminate into host tissues and therefore, they are associated
with candidemia and disseminated invasive disease (Uppuluri
et al. 2010; Tournu and Van Dijck 2012).

Interestingly, investigations of quantitative and qualitative
properties of cells released from biofilms demonstrated that the
majority of dispersed cells are yeast cells suggesting that the
transition from yeast to hyphae that occurs during biofilm ini-
tiation may be reversed for dispersal. More intriguingly, stud-
ies described the dispersed cells to have distinct phenotypes
from planktonic cells where they display elevated adherence,
filamentation capacity and increased pathogenicity in animal



Tsui et al. 3

models. Combined, these findings indicate that cells released
during the dispersal step are uniquely equipped to seed new
biofilms and sites of infection (Uppuluri et al. 2010; Finkel and
Mitchell 2011). Of note, genetic analysis indicated that both yeast
cells and hyphae are critical for biofilm formation, suggesting
that each cell type has unique roles in the process (Nobile and
Mitchell 2006). However, biofilms from in vivo catheter infection
models appear more complex than those formed in vitro, with
yeast and hyphae found to be interspersed. In both in vitro and
in vivo model systems however, extracellular matrix material
is bound to both yeast and hyphal cells and is typically inter-
spersed throughout the biofilm (Finkel andMitchell 2011) (Fig. 1B
and C). The establishment of the biofilm extracellular matrix
represents a unique characteristic of biofilms (Tournu and Van
Dijck 2012); C. albicans biofilm matrix is complex, with major
polysaccharide constituents being α-mannan, β-1,6 glucan and
β-1,3 glucan (Hall and Gow 2013; Mitchell et al. 2015). Although a
relatively minor component, β-1,3 glucan is considered the crit-
ical matrix polysaccharide as it was linked to biofilm resistance
to antifungals by impeding drug diffusion (Taff et al. 2012, 2013).
In fact, previous studies have shown elevated β-1,3 glucan levels
to be a characteristic of biofilm cells in both the fungal cell wall
and as a secreted form.

Another phenomenon that plays a pivotal role in microbial
biofilms is quorum sensing or cell–cell communication, where
microbial behaviors or responses in a biofilm are governed by
cell density mediated by secreted signaling molecules (Mathe
and Van Dijck 2013; Demuyser, Jabra-Rizk and Van Dijck 2014).
The most well-studied quorum-sensing molecule produced by
C. albicans is farnesol, which is secreted extracellularly and ac-
cumulates in supernatants of mature biofilms. Significantly, far-
nesol inhibits hyphal formation and therefore, by promoting
yeast cell formation, it may aid in biofilm dispersal (Ramage
et al. 2002b; Finkel and Mitchell 2011; Krom et al. 2015). Interest-
ingly, our previous studies demonstrated that at high concen-
trations, farnesol triggers a classical mammalian-like process of
apoptosis in C. albicans (Scheper et al. 2008; Shirtliff et al. 2009).
In subsequent studies, we characterized the mechanism to in-
volve oxidative stress and accumulation of intracellular reactive
oxygen species (ROS) mediated by farnesol, ultimately resulting
in cell death (Zhu et al. 2011). Combined, these findings are in-
triguing as they paint a sophisticated role for farnesol in fungal
biofilms, possibly involving altruistic cell death.

Pathogenesis and clinical significance of C. albicans
biofilms

Estimates by the NIH indicate that microbial biofilms account
for over 80% of infections in the United States. Similarly, the
vast majority of candidal infections are associated with biofilm
formation (Ramage et al. 2005). Fungal infectious biofilms can
develop on a variety of surfaces including host tissues and
implanted biomaterials including vascular catheters. Further,
biofilms can potentiate systemic infection, and the presence of
a C. albicans biofilm structure has been implicated as a risk fac-
tor for increased patient mortality (Mathe and Van Dijck 2013). A
number of other properties and virulence factors possessed by
C. albicans are known to promote its biofilm-forming ability and
contribute to tissue damage and its persistence within the host
(Mayer, Wilson and Hube 2013). First and foremost is the prop-
erty of morphological switching as the distinct morphological
states of C. albicans dictate phases of colonization, growth and
dissemination; the yeast form has been associated with both
initial attachment and dissemination, while the filamentous

hyphal form enables C. albicans to invade host tissue and form a
mature biofilm (Baillie and Douglas 1999). Hyphal morphogen-
esis can be triggered by a variety of factors such as tempera-
ture, serum, amino acid availability, pH level and CO2 presence.
Significantly, hyphal morphogenesis is a key mechanism for C.
albicans to evade killing by host phagocytic cells. Phagocytosis
induces a switch in morphology from yeast to hyphae, which
elongate and eventually puncture the macrophage membrane.
This results in lysis and killing of macrophages thereby allowing
ingested C. albicans to escape (Berman and Sudbery 2002; Jacob-
sen et al. 2012; Kong and Jabra-Rizk 2015).

As with other microbial pathogens, the ability of C. albicans
to adhere to host surfaces is a prerequisite for both successful
colonization and persistence during infection. Within the host,
removal of loosely attached C. albicans by the physical flushing
action and sloughing off of epithelial cells from mucosal sur-
faces are important factors in host defense against Candida over-
growth. Therefore, an ability to circumvent these removalmech-
anisms can be regarded as a virulence attribute. Importantly,
adhesion of C. albicans to host tissues is a requisite for infec-
tion. Attachment of C. albicans to receptors on host tissues is
aided by the expression of a family of cell-wall adhesins known
as agglutinin-like sequences (ALS) which have been shown to
be differentially regulated in biofilm-grown cells (Hoyer 2001;
Williams and Lewia 2011). The ALS family of genes is comprised
of eight genes of which ALS3 is the most prominent as it is hy-
phal specific. Als3 has been implicated in adherence to host tis-
sue as well in the adherence of C. albicans to bacterial species
(Phan et al. 2007; Murciano et al. 2012; Peters et al. 2012b). Sim-
ilarly, the hyphal wall protein (Hwp1) is another major adhesin
and deletion of either ALS3 or HWP1 results in attenuated viru-
lence (Sundstrom, Balish and Allen 2002; Sundstrom, Cutler and
Staab 2002; Naglik et al. 2011). In addition, C. albicans also pro-
duces several extracellularly released enzymes such as lipases
and esterases as well as hemolysins that are crucial for host
tissue invasion and nutrient acquisition. These enzymes facil-
itate pathogenesis by aiding in the destruction of tissues and
tissue barriers and lysing host cells (Naglik, Challacombe and
Hube 2003). Most notable are the secreted aspartyl proteinases
(Saps), a family of 10 proteinases with a certain degree of func-
tional redundancy between them (Lermann and Morschhäuser
2008). These enzymes can directly induce damage to host cells,
facilitate hyphal growth for invasion of tissue, increase adher-
ence following exposure of receptor sites and degrade antibod-
ies and other host defense proteins (Schaller et al. 1999;Williams
and Lewia 2011). Phospholipases are another group of enzymes
that contribute to the pathogenesis of C. albicans; most notable
are the class B phospholipases (PLB) which are secreted and act
by disrupting host cell membranes. Accordingly, PLB1 and PLB5
deletions have been implicated in attenuation of systemic Can-
dida infection (Leidich et al. 1998; Theiss et al. 2006).

Biofilm formation on mucosal tissue

Candida biofilms can form on host mucosal tissue where it re-
sides as part of the commensal microflora with the oral cavity
being the primary target (Williams et al. 2013). Oral infections by
C. albicans have been recognized throughout recorded history;
however, since the 1980s a clear surge of interest in these infec-
tions have occurred largely due to the escalation in HIV infec-
tion and the AIDS epidemic (Williams and Lewia 2011). In fact,
to date, pseudomembranous candidiasis is the most common
oral opportunistic infection in HIV+ and other immunocompro-
mised individuals. This condition, commonly known as thrush,
presents as creamy white lesions on the palate, buccal mucosa
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Figure 2. Oral candidiasis. Clinical manifestation of oral candidiasis in a human host characterized by white lesions formed on oral mucosal surfaces: (A) buccal
mucosa (B) palate and (C) gingiva.

and tongue and may extend into the pharynx (oropharyngeal
candidiasis) (Fidel 2006, 2011) (Fig. 2). A diagnostic feature of this
infection is that these plaques consisting of desquamated ep-
ithelial and immune cells together with yeast and hyphae can
be removed by gentle scraping leaving behind an underlying ery-
thematous mucosal surface. Importantly, in addition to HIV+
individuals, candidiasis occurs in 35% of patients with cancer
on chemotherapy and radiotherapy, patients with Sjogren’s syn-
drome, the elderly, infants, under conditions of malnutrition
and local immune suppression (e.g. steroid inhalers for asthma).
In addition, patients with diabetes and other metabolic or hor-
monal disorders or those on antibiotics are also predisposed
to candidiasis (Ramirez-Amador et al. 1997; Redding et al. 1999;
Williams and Lewia 2011). Clinical candidiasis is a manifesta-
tion of the adherence of yeast cells tomucosal tissue followed by
hyphal invasion causing extensive damage, partly mediated by
secreted proteolytic enzymes. Significantly, however, in severely
immunocompromised patients, mucosal infections can lead to
systemic disease, which is associated with high mortality.

Similar to the oral cavity, C. albicans is a resident of the
normal vaginal microbiota and the leading causative agent of
vaginitis. It is estimated that 75% of all women of childbearing
age will be afflicted by vulvovaginal candidiasis (VVC) at least
once in their lifetime and 5%–8% of these women will suffer
from recurring episodes, requiring continued antifungal ther-
apy (Sobel, Muller and Buckley 1984; Peters et al. 2014). Several
properties of C. albicans have been proposed to play major roles
in causing recurring VVC; notably, strains of C. albicans defec-
tive in hyphae formation display significantly reduced vaginitis
symptomatology indicating a requirement for hyphae in the
pathogenesis of disease (Harriott et al. 2010). Further, estrogen
production and microbiota disruption are also considered pri-
mary etiologic contributors to this complex disease. However,
although Candida vaginitis was believed to result from defects
in adaptive immunity, it is now established that an exuber-
ant host innate immune response strongly promotes vagini-
tis symptomatology. The cognizance that polymorphonuclear
leukocyte recruitment into the vagina stimulates acute inflam-
mation highlighted the immunopathological response as a cru-
cial element of vaginitis pathogenesis (Peters et al. 2014). There-
fore, studies to identify therapeutic strategies to combat VVC are
now also directed toward targeting the host immunopathogenic
response.

Biofilm formation on abiotic surfaces

The most serious diseases caused by C. albicans are those as-
sociated with biofilm formation on a wide variety of implanted

medical devices, which have become an essential component of
patient care (Ramage et al. 2005). It is estimated that more
than 45 million medical devices are implanted every year in
the United States and infection of these devices occurs in up
to 60% of patients, with Candida species responsible for up to
20% of these infections (Williams and Lewia 2011). The growing
usage and need for implanted medical devices and central ve-
nous catheters in managing patient care is an important rea-
son why the incidence of Candida infections has steadily in-
creased. Catheter-associated infections in particular typically
emerge from biofilms formed on the surfaces of catheters form-
ing a nichewhere cells are protected fromboth the host immune
system and antimicrobial therapies. Candida biofilms formed on
prosthesis are a major predisposing factor to chronic candidia-
sis and successful therapy of these foreign-body infections can
be a therapeutic challenge, requiring device removal in most in-
stances (Mathe and VanDijck 2013). Specifically, biofilms on arti-
ficial voice box prostheses have been identified as a major cause
of their failure. Similarly and in addition to urinary tract infec-
tions in catheterized patients, candidal biofilms on hemodialy-
sis and peritoneal dialysis catheters are a common occurrence
and are associated with an infection rate of up to 20% in pa-
tients undergoing treatment (Raaijmakers et al. 2007; Williams
and Lewia 2011; Mathe and Van Dijck 2013). Most significantly,
however, biofilms formed on prosthetic heart valves, pacemak-
ers, replacement joints, central nervous system shunts and vas-
cular catheters are the most serious and have been linked with
systemic infection. Overall, device-associated Candida infections
have mortality rates as high as 30% and the annual cost of anti-
fungal therapies in the United States alone is estimated at $2.6
billion (Williams and Lewia 2011).

Perhaps the most prevalent biofilm-associated candidal in-
fection in healthy individuals is Candida-associated denture
stomatitis, which occurs in up to 70% of denture wearers. Den-
ture stomatitis is a chronic disease characterized by localized or
generalized inflammation of the denture-bearing mucosa. Can-
dida albicans readily adhere to the polymethylacrylatematerial of
dentures and exploit micro fissures and cracks within the ma-
terial to facilitate retention. Therefore, infection stems from the
adherence of C. albicans to the denture followed by hyphal in-
filtration of the denture-associated palatal tissue (Williams and
Lewia 2011). This is particularly exacerbated in situations where
there is an ill-fitting denture and frictional irritation that can
damage the normally protective mucosal barrier, allowing in-
filtration of Candida into the tissue (Williams and Lewia 2011).
Further, the continuous seeding of biofilm-associated organisms
from the denture is postulated to induce a chronic immune re-
sponse resulting in inflammation of the oral tissue. Importantly,
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Figure 3.Mousemodel of oral candidiasis. (A) Four days post sublingual infectionwith C. albicans, mice develop oral candidiasis characterized bywhite plaques covering
the tongue and other oral surfaces. (B) Histopathology of tongue tissue from mouse with oral candidiasis demonstrating extensive penetration of epithelial tissue by
the invasive C. albicans hyphae (arrows).

despite antifungal therapy, this infection is often re-established
soon after treatment ceases and therefore tends to be chronic.

Animal models of biofilm-associated Candida infections

Experimental animalmodels are crucial to fully understand can-
didal pathogenesis and to develop new therapeutic approaches
particularly in light of the increase in the incidence of fungal
infections. The rodent is ideal for studying candidiasis due to
the demonstrated similarity to the human disease process and
host immune responses. For oral candidiasis, a mouse model
is the most commonly used as it is relatively simple and re-
sults in a reproducible level of infection and similar histopathol-
ogy to candidiasis in patients (Solis and Filler 2012) (Fig. 3).
Therefore, this model has been widely used for investigating
the immunemechanisms against candidiasis, Candida virulence
factors and the efficacy of vaccines and antifungal agents. How-
ever, due to its small size, the mouse model is not feasible for
studying Candida-associated denture stomatitis and therefore, a
rat acrylic denture model that recapitulates features of denture
stomatitis was recently developed to study this condition in vivo
(Nett et al. 2010b; Lee et al. 2011). In this model, a denture device
is implanted on the rat palate and following inoculation with C.
albicans, biofilm development is monitored over time using mi-
crobiological and microscopical analysis. The advantage of this
model is that it allows for longitudinal studies and can be used
to assess pathogenesis of mutant strains and for designing ef-
fective therapeutic strategies. For the study of vaginitis, a well-
established estrogen-dependentmousemodel is available (Yano
and Fidel 2011). Despite the fact that, unlike humans, labora-
tory rodents do not naturally harbor C. albicans as a commensal,
the experimental infection closely parallels the human infection
and findings from the animal model are translatable to the hu-
man host. Therefore, the mouse model of vaginitis has been an
indispensible tool for dissecting disease pathogenesis, the host
immunopathological response and drug efficacy.

Fungal infectious biofilms that develop on frequently im-
planted biomaterials including vascular catheters are the most
serious as they can become a potential systemic infection. It
has become crucial therefore, to test models of catheter biofilm-
associated pathogenesis in vivo. One such model was developed

where C. albicans biofilms were formed on catheters implanted
in the central venous system of rats for in vivo characteriza-
tion of biofilm development (Andes et al. 2004). More recently,
a similar central venous catheter (CVC) model was developed in
mice and used to examine the efficacy of caspofungin to treat
CVC-associated candidiasis (Lazzell et al. 2009). In addition, two
rabbit models of catheter-associated C. albicans biofilm infection
were used to demonstrate the potential of antifungal lock ther-
apy as a therapeutic strategy for catheter infections. Using surgi-
cally placed silicone catheters in rabbits, Schinabeck et al. (2004)
demonstrated the effectiveness of liposomal amphotericin B
against biofilm infections. Similarly, in evaluating systemic and
catheter intraluminal lock therapy with amphotericin B deoxy-
cholate and caspofungin using a CVC rabbit model, Schuford et
al. (2006) demonstrated the efficacy of caspofungin for the treat-
ment of C. albicans biofilm-associated intravascular catheter in-
fections. The combined findings from these studies are of im-
portant clinical relevance as they demonstrated the potential of
antifungal lock therapy as a strategy for the successful salvage
of catheters infected with C. albicans biofilms.

Overall, the benefit of the CVC models is that they take
into account the host immune system and provides a means
to study novel drug therapies targeting biofilm-associated in-
fections. More recently, a subcutaneous catheter mouse model
was developed to study in vivo-grown biofilms (Ricicova et al.
2010). In this model, small CVC catheters inoculated with C. al-
bicans in vitro are implanted under the skin of mice or rats and
the biofilm is allowed to form; within 2 days, a mature biofilm
structure can be seen developed in the lumen of the explanted
catheters (Fig. 4). This catheter model is practical and involves
minor surgery to the animals and is readily translatable to ap-
plications in the screening and validation of antimicrobial drugs
under in vivo conditions.

Classes of antifungals agents

When compared with antibacterial agents, the availability of
antifungal agents for the treatment of fungal infections is sig-
nificantly lower. This is mainly due to the fact that fungi are
eukaryotic, and thus identifying drug targets to selectively kill
fungal pathogens without toxicity to the host is problematic.
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Figure 4. Mouse subcutaneous catheter model. (A) Explant of subcutaneous catheters from mouse 48 h post implantation. Candida albicans 48 h biofilm grown in vivo

in the lumen of catheters. (B) Scanning electron micrographs demonstrating the thick hyphal matrix formed in the lumen of the recovered implanted catheters. (C)
High magnification image of the formed biofilm showing the extracellular matrix material, which appears fibrous.

Table 1. Classes of antifungal agents.

Antifungal drug classes Examples Mechanism of action
Candida albicans means of
resistance

Azoles Fluconazole Inhibition of lanosterol 14
α-demethylase (ERG11; ergosterol
biosynthesis)

Upregulated expression of ERG
genes

Miconazole
Ketoconazole Mutation of ergosterol synthesis

enzymes

Polyenes Amphotericin B Binds to ergosterol in fungal cell
membranes; transmembrane pore
formation, resulting in loss of
membrane integrity and ion
gradient disruption

Substitution of cell membrane
sterols

Neutralization of oxidative stress
via SODs

Echinocandins Caspofungin Inhibition of β-1,3-glucan
synthase

Upregulated expression of glucan
biosynthesis genes

Micafungin
Anidulafungin

Pyrimidine analogs Flucytosine Pyrimidine analog that inhibits
DNA and RNA synthesis within
fungal cells

Mutations in the enzymes that
catalyze the pyrimidine analog,
such as FUR1
Increased synthesis of nucleotide
pyrimidines that competitively
inhibit the analogs

Allylamines Terbinafine Inhibition of squalene epoxidase
(ERG1; ergosterol biosynthesis)

Mutations in the ERG1 gene

Upregulation of drug efflux pumps

Antifungal agents are classified based on their cellular tar-
get and mode of action and currently there are only five
classes of drugs available for the treatment of fungal infec-
tions: azoles, polyenes, echinocandins, allylamines and pyrim-
idine analogs. (Ghannoum and Rice 1999; Williams and Lewia
2011; Mathe and Van Dijck 2013) (Table 1). Each antifungal com-
pound has advantages and limitations related to its spectrum
of activity and mode of action. However, as with microbial
biofilms in general, biofilms formed by C. albicans are inherently
tolerant to antimicrobial therapy and therefore the susceptibil-

ity of Candida biofilms to the current therapeutic agents remains
low, with the exception of the echinocandins (Tournu and Van
Dijck 2012; Mathe and Van Dijck 2013).

Polyenes include the drugs amphotericin B and nystatin and
theirmode of action is through direct binding to the sterol ergos-
terol found within fungal cell membranes (Ghannoum and Rice
1999; Mathe and Van Dijck 2013). Polyene binding to ergosterol
induces leakage of electrolytes and cytoplasmic contents via for-
mation of transmembrane channels leading to fungal cell death.
However, their use is not widespread due to nephrotoxicity
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partly due to the similarity of the fungal cell ergosterol to choles-
terol, its equivalent sterol in mammalian cell membrane (Ghan-
noum and Rice 1999; Williams and Lewia 2011; Mathe and Van
Dijck 2013). The development of liposomal formulations of am-
photericin B reduced the likelihood of toxicity since the usage
of a lipid carrier as a delivery system for these drugs results
in decreased distribution to the kidneys (Ghannoum and Rice
1999). However, similar to the echinocandins, the prohibitive
costs of amphotericin B-liposomal formulation limit their usage
for treating fungal infections.

The introduction of the azole antifungals, most notably
fluconazole, circumvented many of these toxicity issues, im-
proved bioavailability, spectrum of activity against many fun-
gal pathogens and affordability. However, unlike the polyenes,
which are fungicidal, azoles are fungistatic and their mecha-
nism of action involves inhibiting ergosterol biosynthesis via
blockage of the enzyme lanosterol 14a-demethylase (Ghannoum
and Rice 1999; Mathe and Van Dijck 2013). This inhibition of syn-
thesis and depletion of ergosterol in the fungal cell results in in-
hibition of fungal growth and impairment of membrane perme-
ability. However, the indiscriminate and over use of fluconazole
has led to the emergence of resistant strains, particularly among
HIV+ individuals who, given the prevalence of oral candidiasis
in this population, were typically administered prolonged pro-
phylactic treatment to prevent infection (Fidel 2006, 2011). As the
need to expand antifungal options increases, newer azole drugs
such as itraconazole have been used in the treatment of oral can-
didiasis, while others including voriconazole and posaconazole
are alternatives for invasive infections by Candida, albeit rarely
used.

Most recently, the echinocandin class of antifungals have
emerged as alternatives to the azoles and polyenes (Denning
1997, 2002; Ghannoum and Rice 1999; Walsh 2002). Echinocan-
dins such as caspofungin, micafungin and anidulafungin act
through inhibition of the enzyme β-1,3-glucan synthase re-
quired for the synthesis of the glucan components in the
fungal cell wall, thereby disturbing the integrity of the cell wall.

Importantly, as this enzyme is absent from mammalian cells,
echinocandins cause little toxicity to the host. Another impor-
tant advantage of this class of antifungals is that they are fungi-
cidal against Candida and effective against biofilm-associated in-
fections. However, their use is somewhat limited by their large
molecular size that dictates the need for intravenous adminis-
tration and therefore, combined with their high cost, they are
used primarily in the treatment of invasive fungal infections
(Walsh 2002; Williams and Lewia 2011).

The other two classes of antifungals which are less com-
monly used are the pyrimidine analogs that incorporate into a
growing RNA/DNA strand resulting in arrest of fungal DNA and
RNA synthesis and the allylamines that target ergosterol biosyn-
thesis through blocking of the enzyme squalene oxidase (Mathe
and Van Dijck 2013). However, for the treatment of biofilms, only
the echinocandins and amphotericin B lipid formulations have
been shown to be efficacious in vitro and in vivo and therefore,
they are the only therapeutic options for the treatment of Can-
dida biofilm infections (Bachmann et al. 2002; Kuhn et al. 2002;
Mukherjee andChandra 2004; Kucharı́ková et al. 2010;Mathe and
Van Dijck 2013; Ghannoum et al. 2015).

Mechanisms of drug resistance

A vast amount of research has been conducted to elucidate
the mechanisms underlying increased resistance in biofilm-
associated C. albicans cells (White, Marr and Bowden 1998; Baillie
and Douglas 1998a,b, 1999, 2000; Cannon et al. 2009). Similar to
bacterial biofilms, compared to planktonic cells, fungal biofilms
exhibit up to 20 000-fold increase in antifungal MICs (minimum
inhibitory concentrations) (Hawser 1996; Jabra-Rizk, Falkler and
Meiller 2004). Several mechanisms underlying the increased re-
sistance of biofilm-associated cells have been proposed some
of which are shared between planktonic and biofilm-associated
cells and others are biofilm specific (White, Marr and Bowden
1998; Mathe and Van Dijck 2013). In what follows we highlight
the main mechanisms, summarized in Table 2.

Table 2. Antifungal resistance mechanisms in C. albicans.

Mechanism Physiological effect Citation

Planktonic Reduced growth rate Reduced efficacy of antifungal
drugs in inactive/slow-growing
cells.

Baillie and Douglas (1998a,b)

Both Modification of drug target Target substrate has been
mutated, disallowing the biding
and inhibitory effect of antifungal
drugs

Kelly et al. (1997); Martel et al.
(2010); Nolte et al. (1997)

Upregulation of efflux pumps Intracellularly accumulated
antifungals are transported out of
the cell, away from its target
substrates

Cannon et al. (2009); Sanglard and
Odds (2002); Ramage et al. (2002a);
Taff et al. (2013); Mukherjee et al.
(2003); Mateus et al. (2004); Lepak et
al. (2006); Sanglard et al. (1995)

Cell density Higher cell numbers require a
larger dose of antifungals for
efficacy

Perumal et al. (2007)

Biofilms Persister cells Metabolic dormancy, cells become
highly tolerant of antifungals

LaFleur et al. (2006); Bink et al.
(2011)

Extracellular polysaccharide
matrix

Hinders diffusion of antifungals
through biofilm; binds and
sequesters fluconazole in the
matrix

Al-Fattani and Douglas (2006); Nett
et al. (2010a); Mitchell et al. (2015);
Nett et al. (2007); Taff et al. (2012)
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Reduced growth rate
It is accepted that slower growing cells are more resistant to an-
timicrobial therapy as many antimicrobial drugs target active
growth and metabolic pathways. However, analysis of plank-
tonic C. albicans cells against biofilms cells at varied growth
rates showed conflicting evidence. Whereas planktonic C.
albicans cells remained less susceptible to antifungal therapy at
reduced growth rates after treatment with amphotericin B, C.
albicans biofilm cells exhibited resistance at all growth rates, in-
dicating a more complicated mechanism than just growth rate
alone (Baillie and Douglas 1998a,b; Mathe and Van Dijck 2013).

Cell density
It is also commonly accepted that cell density can affect the ef-
ficacy of antimicrobial agents. This is especially true in biofilms,
where large numbers of cells are concentrated in a small envi-
ronment. However, although cell density does seem to have an
effect on C. albicans resistance to several drugs, it is not likely
that this mechanism is biofilm specific since a similar trend was
observed in planktonic cells (Perumal, Mekala and Chaffin 2007;
Seneviratne et al. 2008).

Altered gene expression
A key feature of biofilms is their ability to dynamically respond
to various stressors (Nobile et al. 2012;Mathe andVanDijck 2013).
Exposure of biofilms to antimicrobial agents usually results in
the induction of resistance genes. In C. albicans biofilms, this
paradigm was studied in the ergosterol and glucan biosynthe-
sis genes following azole and echinocandin drug treatment, re-
spectively. Ergosterol is a major constituent of C. albicans fungal
cell membranes and therefore, is considered to be essential to C.
albicans growth, which makes it an ideal drug target. Ergosterol
biosynthesis in C. albicans is a complex process involving numer-
ous enzymes the most prominent of which are the ERG genes.
As the azoles inhibit ergosterol biosynthesis, C. albicans devel-
oped several resistance mechanisms to circumvent the deleteri-
ous inhibitory effects of fluconazole, most notably is the upregu-
lation of ergosterol biosynthesis genes. In fact, a study by Nailis
et al. (2010) examining the expression of ergosterol in treated
planktonic C. albicans cells following exposure to fluconazole re-
vealed an upregulation in the ERG9 and ERG11 genes. However,
in treated biofilm-associated cells, a significant increase in the
expression of ERG1, ERG3, ERG11 and ERG25 was seen indicating
a greater capacity for biofilms to respond to antifungal stress
possibly explaining why fluconazole treatment is generally in-
effective in eradicating C. albicans biofilms (Mathe and Van Dijck
2013).

Modification of drug target substrate
Another means for C. albicans to evade antifungal agents is to al-
ter the drug target substrate, resulting in the inability of the drug
to effectively eradicate the pathogen (White, Marr and Bowden
1998). This phenomenon was shown in C. albicans through mu-
tations in the ERG3 and ERG5 genes, as well as point mutations
in the ERG11, which resulted in cross-resistance to azoles and
amphotericin B (White 1997; White, Marr and Bowden 1998). It
is therefore plausible that alterations in gene expression are also
responsible for drug resistance in biofilm-associated C. albicans
cells. However, although these ERG mutations are more likely
involved in the development of resistance in planktonic pop-
ulations after prolonged treatment with azoles, whether they
have implications on pathogenesis and resistance in C. albicans
biofilms remains understudied.

Drug efflux pumps
The upregulation of efflux pumps is also correlated with re-
sistance in C. albicans biofilms, primarily with resistance to
azole drugs, but does not appear to play a role in resistance to
echinocandins. Efflux pumps facilitate the extracellular trans-
port of antifungals, thereby preventing their intracellular accu-
mulation (White 1997; Ramage et al. 2002a). Two major families
of efflux pumps have been shown to contribute to drug resis-
tance in C. albicans: the ATP binding cassette transporters en-
coded by the CDR (Candida drug resistance) genes comprised of
CDR1 and CDR2 and the major facilitator superfamily encoded
by the MDR genes comprised of MDR1 and FLU1 (Sanglard et
al. 1996; White 1997; White, Marr and Bowden 1998; Ramage et
al. 2002a; Niimi et al. 2004; Prasad and Panwar 2004). Although
these genes can be expressed by resistant planktonic strains,
they were shown to be significantly expressed in biofilms. In
fact, the expression of CDR andMDR genes appears to be induced
upon C. albicans attachment to a substrate surface and therefore,
is intrinsic to biofilm formation and not triggered by the pres-
ence of azole drugs (Mateus, Crow and Ahearn 2004; Lepak et al.
2006). However, the expression of these efflux pump genes was
found to decrease as the biofilm ages, contrary to existing pat-
terns of mechanism of resistance in biofilms where expression
of resistance genes increases as the biofilmmatures (Mukherjee
et al. 2003). These findings strongly support the notion that al-
though present, drug efflux pumps do not play a significant role
in biofilm resistance to azole drugs.

Persister cells and stress responses
Although a key feature of biofilms is the ability of the compo-
nent cells to exhibit differential gene expression, a subset of the
biofilm cell population have been described to be phenotypically
distinct from the rest (Lewis 2005). These cells termed ‘persis-
ter cells’ are not mutants and are often deeply embedded in the
biofilm where they become dormant and therefore, unaffected
by antimicrobial agents which target metabolically active cells
(LaFleur, Kumamoto and Lewis 2006; Lewis 2007; Dawson, Intapa
and Jabra-Rizk 2011). This phenomenon is compounded by the
ability of these ‘persister cells’ to revert to a metabolically active
state and re-establish or repopulate a biofilm following treat-
ment (Lewis 2007). It is currently thought that exposure to stress
conditions can trigger the formation of ‘persister cells’ (Dawson,
Intapa and Jabra-Rizk 2011).

During colonization of its host, C. albicans is confronted with
a wide variety of stresses to which it responds via different con-
served signal transduction pathways (Cannon et al. 2007). Am-
photericin B treatment was shown to induce oxidative stress in
fungal cells, revealing a novel cell death pathway involving ROS
generation (LaFleur, Kumamoto and Lewis 2006). However, C. al-
bicans possesses superoxide dismutases (SODs), a family of en-
zymes important for detoxification of ROS, and the expression
of the SODs was shown to be induced upon treatment by am-
photericin B or miconazole. Although the generation and sur-
vival mechanisms of C. albicans ‘persister cells’ remains largely
unknown, the potential role of SODs in this phenomenon has
been explored. Indeed, it was found that pharmacological inhi-
bition of SODs and subsequent treatment with amphotericin B
or miconazole resulted in significantly greater killing of C. al-
bicans biofilms (Bink et al. 2011). These findings suggest a role
for mediating oxidative stress in the generation of ‘persister
cells’ and survival of C. albicans biofilms. However, it is clear that
the high resistance of biofilm-associated C. albicans cells cannot
be attributed to the actions of one mechanism, but is rather a
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comprehensive mechanism reflecting the complexity of the
biofilm lifestyle itself.

Biofilm extracellular polysaccharide matrix

A critical point in the establishment of a fungal biofilm is the
production and secretion of an extracellular matrix, which acts
as a network that anchors the biofilm, providing structure, sta-
bility and protection (Nett et al. 2010c; Mitchell et al. 2015). There-
fore, production of extracellular matrix is considered one of the
key resistance mechanisms in biofilms and recent efforts have
been focused on understanding the genetic basis for howmatrix
production governs drug resistance in biofilm (Zarnowski et al.
2014). In C. albicans, the biofilm matrix is largely composed of
polysaccharides such as β-1,3-glucan, β-1,6-glucan, and man-
nans and to a lesser extent, proteins (Al-Fattani and Douglas
2006; Nett et al. 2007; Nett, Sanchez and Andes 2011; Zarnowski
et al. 2014). However, in comparing the exact composition of
biofilm matrix material with that produced by planktonic cells,
considerate differences were seen in carbohydrate and protein
content indicating that there might be some features specific to
biofilm matrix material (Hawser 1996; Baillie and Douglas 2000;
Al-Fattani and Douglas 2006). It is theorized that the matrix can
physically hinder the penetration and diffusion of antimicro-
bial agents through the biofilm and in C. albicans, the matrix
was also shown to bind and sequester fluconazole in the ex-
tracellular milieu (Taff et al. 2013). New insights into the role
of matrix in biofilm came from studies by Nett et al. (2010a)
where the cell walls of biofilm-associated cells were shown to
be two times thicker and contained more carbohydrates and
β-1,3-glucans than planktonic cells. Further, isolation of ma-
trix material demonstrated the presence of β-1,3-glucans in the
biofilm matrix, which was shown to increase over the course of
biofilmmaturation.More recently, studies byMitchell et al. (2015)
demonstrated that β-1,3-glucans contribute to azole resistance
by specific binding. This process was found to be due largely
attributed to the FKS1 gene, encoding a β-1,3-glucan synthase,
and in part to a series of glucan transferases and exoglucanases
which transport glucans into the extracellular space (Nett et al.
2010a). Interestingly, mutations in these genes had no appar-
ent deleterious effects on planktonic C. albicans cells suggesting
that this mechanism is specific to C. albicans biofilms (Mitchell
et al. 2015). In addition to cell-wall components and similar to
what has been described in bacterial biofilms, extracellular DNA
was also shown to be a key element in the matrix of C. albicans
mature biofilms, important for biofilm structural integrity and
maintenance (Martins et al. 2010).

Immune evasion

Unsurprisingly, biofilms are also highly resistant to clearance by
the host immune responses, orchestrated by initial detection of
the pathogen by pattern recognition receptors (PRR) on leuko-
cytes. In the case of C. albicans, detection of cell-wall compo-
nents by the host immune system generates a specific cytokine
response which signals for the appropriate immune responses
to clear the pathogens (Nett and Andes 2006; Netea and Mar-
odi 2010). Although this can prove effective in the clearance of
planktonic pathogens, biofilms prove to be far more difficult to
handle (Chandra et al. 2007). In C. albicans biofilms it was shown
that leukocytes are unable to phagocytose biofilm-associated
cells, likely due to interference by the biofilm matrix (Hirschfeld
2014). Intriguingly, C. albicans biofilms appear to trigger a unique
form of cell death in neutrophil phagocytes, resulting in rapid

expulsion of DNA contents into the extracellular space, named
neutrophil extracellular traps or ‘NETosis’. This mechanism is
seemingly triggered to further upregulate and augment the host
immune response, such as neutrophil degranulation and release
of lytic enzymes. However, in the case of C. albicans biofilms,
this is of limited efficacy toward eradication and seemingly only
serves to propagate inflammation in host tissues (Remijsen et al.
2011; Hirschfeld 2014).

Candida albicans biofilms have also been shown to alter the
profile of cytokines secreted by immune cells, thereby manipu-
lating the resultant immune response although, the exactmech-
anism behind this remains to be elucidated (Chandra et al. 2007;
Krysan, Sutterwala and Wellington 2014). However, C. albicans
has evolved several immune evasion strategies resulting in its
reduced recognition by the host immune system. These include
strategies for masking specific cell-wall components to prevent
PRR-mediated recognition and secretion of aspartic proteases to
inactivate components of the innate immune system (Meiller et
al. 2009; Mathe and Van Dijck 2013). Further, the interaction be-
tween biofilm-associated C. albicans cells and the immune sys-
temwas shown to be very distinct from interactions with plank-
tonic C. albicans cells. Specifically, studies by Chandra et al. (2007)
showed that peripheral bloodmononuclear cells (PBMCs) did not
phagocytose biofilm-associated cells. In contrast, the presence
of PBMCs during biofilm development resulted in significantly
thicker biofilms as a consequence of unknown factors secreted
by the immune cells. Additionally, mature biofilms were also
shown to not elicit a robust oxidative response, which is one
of the main mechanisms by which neutrophils kill pathogens
(Mathe and Van Dijck 2013). Taken together, these observations
support the hypothesis that biofilm formationmight be an adap-
tation process for survival within the host hostile environment.

Candida albicans–bacterial interactions in polymicrobial
biofilms

Biofilms can be polymicrobial in naturewheremultiplemicrobes
comprise a biofilm and coexist synergistically particularly in
the oral cavity where C. albicans adheres to and interacts with
oral bacterial species (Jenkinson et al. 2008). In fact, over 20%
of Candida bloodstream infections were shown to be polymicro-
bial (Jabra-Rizk 2011; Peters et al. 2012a). Although most known
interactions are inhibitory, symbiotic interactions may include
augmented adherence or antibiotic resistance (Jenkinson et al.
2008). This poses another hurdle in the treatment and eradica-
tion of biofilms, as these polymicrobial biofilms will usually re-
quire some form of combination therapy. Although studies into
the dynamics of polymicrobial biofilms are in their infancy, on-
going research reveals that such biofilms are evenmore resistant
to antimicrobial therapy, potentially giving rise to novel mecha-
nisms of cross protection (Finkel and Mitchell 2011).

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Recent strides in expression profiling and genetic manipulation
have driven our understanding of the regulatory pathways and
mechanisms that govern biofilm formation and biofilm-based
drug resistance. Increasingly,mechanistic studies have provided
valuable insights into the regulatory circuitry and networks that
control biofilm formation. These studies have revealed new
mechanisms and signals that govern C. albicans biofilm for-
mation and associated drug resistance providing therapeutic
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foresight. Although numerous in vitro biofilm model systems
have been crucial for studying biofilmdevelopment and cell phe-
notypes and drug resistance, it is difficult to accurately account
for the multitude of host and infection-site variables that are
important in humans. As the role and nature of host–pathogen
interactions during biofilm formation continue to be unveiled,
studies are now focused on developing C. albicans animal biofilm
infection models to more accurately reflect the complexity of
this host–fungal interaction (Chandra et al. 2001; Kuhn et al. 2002;
Nett and Andes 2006; Ricicova et al. 2010).

Importantly, the increase in resistance to existing antifun-
gals has provided a strong impetus to understand themolecular
mechanisms of drug resistancewith the goal of identifying novel
therapeutic targets. Successful treatment of candidiasis can be
further hampered where there is an established biofilm and
biomaterial infections continue to be an increasingly alarming
problem because of their intrinsic recalcitrance to conventional
therapy. Therefore, it has become crucial to explore alternative
strategies to overcome the limitations of current therapies
against resilient biofilm-associated fungal infections. In addi-
tion, the ability to adhere, as a unique prerequisite to form a
biofilm, is a fast process which makes the prevention of biofilm
development difficult with the current tools and strategies
(Tournu and Van Dijck 2012). Recent advances elucidating the
transcriptional programs that orchestrate biofilm formation by
C. albicans have tremendously broadened our knowledge on
the complex mechanisms underlying biofilm resistance. Yet,
the search for antibiofilm treatments is a multifaceted subject
and requires improved understanding of the pathogen, host
response to adhesion and biofilm formation and interactions
within microbial communities (Tournu and Van Dijck 2012).
Recent efforts in the field are directed toward developing new
therapeutic approaches such as modification of biomaterials to
inhibit adherence, use of catheter lock and combination thera-
pies and exploring natural compounds and immunotherapies.
Further, defining the role of quorum sensing in biofilm matura-
tionmay lead to the identification of quorum-sensingmolecules
that are active in vivo which can be harnessed for promoting
biofilm disruption. Importantly, understanding the dynamics of
formation and key molecular players in mixed fungal-bacterial
biofilms is crucial for combating resilient biofilm-associated
polymicrobial infections, which are particularly challenging to
treat.
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Lermann U, Morschhäuser J. Secreted aspartic proteases are
not required for invasion of reconstituted human ep-
ithelia by Candida albicans. Microbiology 2008;154(Pt 11):
3281–95.

Lewis K. Riddle of biofilm resistance. Antimicrob Agents Ch
2001;45:999–1007.

Lewis K. Persister cells and the riddle of biofilm survival. Biochem-
istry 2005;70:267–74.

Lewis K. Persister cells, dormancy and infectious disease.Nat Rev
Microbiol 2007;5:48–56.

Martel CM, Parker JE, Bader O et al. A clinical isolate of Can-
dida albicans with mutations in ERG11 (encoding sterol 14α-
demethylase) and ERG5(encoding C22 desaturase) is cross
resistant to azoles and amphotericin. Antimicrob Agents Ch
2010;54:3578–83.

MartinsM, Uppuluri P, Thomas DP et al. Presence of extracellular
DNA in the Candida albicans biofilm matrix and its contribu-
tion to biofilms. Mycopathologia 2010;169:323–31.

Mateus C, Crow SAJ, Ahearn DG. Adherence of Candida albicans to
silicone induces immediate enhanced tolerance to flucona-
zole. Antimicrob Agents Ch 2004;48:3358–66.

Mathe L, VanDijck P. Recent insights intoCandida albicans biofilm
resistance. Curr Genet 2013;59:251–64.

Mayer FL, Wilson D, Hube B. Candida albicans pathogenecity
mechanisms. Virulence 2013;4:119–28.

Meiller TF, Hube B, Schild L et al. A novel immune evasion strat-
egy of Candida albicans: proteolytic cleavage of a salivary an-
timicrobial peptide. PLoS One 2009;4:e5039.

Mitchell KF, Zarnowskia R, Sancheza H et al. Community partic-
ipation in biofilm matrix assembly and function. P Nat Acad
Sci USA 2015;112:4092–7.

Mukherjee PK, Chandra J. Candida biofilm resistance. Drug Resist
Update 2004;7:301–9.

Mukherjee PK, Chandra J, Kuhn DM et al.Mechanism of flucona-
zole resistance in Candida albicans biofilms: phase-specific
role of efflux pumps and membrane sterols. Infect Immun
2003;71:4333–40.

Murciano C, Moyes DL, Runglall M et al. Evaluation of the
role of Candida albicans agglutinin-like sequence (Als) pro-
teins in human oral epithelial cell interactions. PLoS One
2012;7:e33362.

Naglik JR, Challacombe SJ, Hube B. Candida albicans secreted as-
partyl proteinases in virulence and pathogenesis. Microbiol
Mol Biol R 2003;67:400–28.
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